Introduction
Since the days of Eli Whitney and the emergence of the "American system of manufactures" in the early nineteenth century, U.S. manufacturing competitiveness has been founded on the development and adoption of advanced technologies, innovative processes, and novel management practices. Attention to the technological capabilities of U.S. manufacturing has continued as an enduring theme through to the present. Indeed, in recent decades, concerns about global competition, the pace of innovation and discovery, and the prospects for industrial jobs and skills have stimulated many efforts to look to the future and the promise of technology as a remedy to sustaining the position of the U.S. as a competitive base for manufacturing.
This paper examines a series of forecasts about manufacturing technologies and business practices from the 1950s forward to today. This brief history of manufacturing's anticipated future is offered to provide context -and perhaps some moderation -to current assessments about the relationship of new technology and manufacturing. As is often the case in technological forecasting, a look back over the last five decades confirms that there have been many widely anticipated technologies that have resulted in unfulfilled expectations. In other cases, the pace and extent of adoption for some technologies has greatly exceeded initial expectations. For example, the 1980s promoted intensive expectations about the integration and control of shop floor functions, which did not come to fruition to the extent predicted (i.e., fully automated factories). On the other hand, early predictions about computer use (in the 1950s through the 1970s) and later Internet technologies were far outstripped by rapid rates of email, Web, and network adoption in the 1990s and 2000s, which in turn has led to significant changes throughout all aspects of the manufacturing process. A similar transformational trajectory is foreseen in recent predictions about nanotechnology and biological materials; this molecular perspective on materials has now supplanted the chemical view of future materials (i.e., polymers and ceramics) that was dominant in 1980s-era forecasts.
We begin the paper with a discussion of selected technology forecasts and predictions in reports published in successive decades from 1950 through to 2000 (See Table 1 ). In selecting these publications, the aim was to address major research works and policy reports that typified discussions in their time period about concepts such as "future of manufacturing," "future factory," "critical technologies," "next generation manufacturing,"
"technology foresight," and "technology road mapping." A standard way to identify such documents is to apply these concepts as terms in a search strategy of databases such as Science Citation Index (SCI) or Social Science Citation Index (SSCI). An initial search using these terms together resulted in 1,349 publications, which was too large of a number to review. In addition, no publications from before 1965 were available and few were really present prior to the mid-1980s (see Figure 1 ). But more importantly, such a search excluded some non-peer review policy reports and "gray literature" that nevertheless had an impact on the debate about future technologies and policy considerations such as the Making Things
Better report from the Office of Technology Assessment (OTA). A further search of the National Technical Information System (NTIS), with its emphasis on government-funded scientific and technical reports, also did not include much information about reports prior to the 1980s and was also missing the aforementioned OTA report. The need to access earlier information about future-forward manufacturing technology documents prior to 1980 required trips to the university book holdings and archives. In addition, there was an effort to focus on publications with relatively near term forecasts (10 years or less) that reflect the decade, rather than highly futuristic predictions such as in science fiction. Authors' knowledge of policy documents and major research and Web searches supplemented formal searches of research databases. Nevertheless, it is acknowledged that the representativeness of this analysis is limited by the selection of the forecasts profiled here.
[INSERT TABLE 1 AND FIGURE 1 ABOUT HERE]
Five Decades of Manufacturing Technology Predictions
The next sections review historical predictions about the future of manufacturing technological innovations. This literature is presented on a decade-by-decade basis.
The Nineteen Fifties
The main technological advances forecast at the midpoint of the twentieth century involved improvements in mass production through the application of technologies developed and utilized during World War II. Factory (1952) . Conventional views of automation linked it with the automobile industry. John Diebold's influential work outlined the potential role of automation to the daily operations of a range of manufacturing and other businesses. His work also was important in that it referenced not just the machine but also the processes important to making the machine work. Diebold's concern about the ability of automation to apply to short production runs set up a tradeoff of scale versus flexibility which characterizes current challenges to customize manufacturing operations. Future, 1957 . This American Management Association report emphasized the link between computerization and quality processes in the future.
Automation: The Advent of the Automatic

Toward the Factory of the
Future plants were foreseen to be empowered with digital computation and linear programming, giving them inventory and statistical quality control capabilities (AMA, 1957, p.22) . There also were forecasts about changes in business processes to optimize automated production systems by splitting production from finance and selling (AMA, 1957, p.22) . In addition, Toward the Factory of the Future maintained that although automation might lessen the need for production manpower, it would increase the need for engineers and white-collar workers (pp.22-23). The report rightly linked automation, processes, and workforce, albeit through a mass production lens.
Automation in Business and Industry, 1957 . Eugene Grabbe's work pointed toward future challenges in efforts to further automate production. This book criticized "black-box" approaches to implementing automated control functions. Grabbe had the foresight to project that the costs to design the automatic features, quite high at the time, would pale in comparison to the costs of redesigning the larger surrounding production systems. However,
Grabbe had an overoptimistic perspective on the ability of automation to reduce the rate of natural resource consumption, given that the reverse has continues to occur in the developing world.
The Nineteen Sixties
1960s-era literature focused on automation, its applicability to certain routine processes, and its limitations. In addition, the 1960s placed an emphasis on globalization and the future proliferation of multinational corporations. Business and People, 1961 . In this book, Walter Buckingham (1961) predicted that automation was most appropriate for continuous processes that could be fully controlled (such as rubber, telecommunication, fiber and food products) but less likely in discrete industries (such as furniture production or mining). Buckingham also predicted that automation could actually increase operating expenses, suggesting that he was unable to foresee future productivity gains from computerization. He noted that to reduce the costs of raw materials, manufacturers of the future would place greater emphasis on the use of manmade resources and less emphasis on natural products, which is arguable in the competitive energy market of the 2000s. He also predicted that automation would lead to further declines for low-wage, lagging regions and job losses among middle managers, again not foreseeing the ability of information and communications technologies (ICT) to spread of manufacturing to low-wage regions and countries.
Automation: Its Impact on
The Age of Automation, 1965 . Leon Bagrit (1965 References to globalization and multinationals also emerged in the 1960s. Raymond Vernon (1966) addressed these trends in his theory of product life cycles, which was developed to explain how the United States switched from an exporter of the product to an importer of the product as production became concentrated in lower-cost foreign locations. He argued that most U.S. companies initially produced new products in America to keep production facilities close to the early market and to the firm's center of decision-making, given the uncertainty and risks inherent in new-product introduction. While demand for a given new product started to grow rapidly in the United States, demand in other countries was limited to highincome groups, which made it not worthwhile for firms in those countries to produce the new product, but necessitated some exports from the United States. Over time, demand for the new product in other countries would grow, making it worthwhile for foreign producers to domestically manufacture for their home markets, which would limit the potential for exports from the United States. As the market in the United States and other nations matured, the product would become more standardized and cheaper. One result was that foreign producers where labor costs were lower than in the United States might now be able to export to the United States. Vernon's work has since been re-evaluated in light of current decentralized competency perspectives based on the observation that firms in the 1990s and 2000s began to outsource R&D to highly capable low cost regions in Eastern Europe and Asia.
The Nineteen Seventies
Technological forecasts during the 1970s addressed the rise of the microprocessor and its impact on the shop floor. In parallel, there was a renewed debate about whether technology would "deskill" the workforce or result in more creative and complex work. , International Competition, and Economic Growth: Some Lessons and Perspectives, 1973. Keith Pavitt (1973) Tavel (1975) believed that developments in transportation, computers and communications would actually enhance the bargaining power of these countries with multinationals. Tavel predicted that the only effective way to deal with forces relating to overcapacity and raw materials was to have the best processes, which meant having a technological lead over the competition (Tavel, 1975, pp.82-83) . This viewpoint resonates in contemporary discussions about the need for innovation in manufacturing.
Technology
The Coming of Post-Industrial Society: A Venture in Social Forecasting, 1973 . The impacts of technological innovations and changing business practices on the workforce were embodied in two countervailing works. Daniel Bell (1973) proposed the notion of the postindustrial society, which dealt with changes in the economy, occupational system, and social structure. The creation of a service economy, the pre-eminence of the professional and technical class, the primacy of theoretical knowledge, and the rise of intellectual technology characterized the post-industrial society (pp.12-13). Bell foresaw a post-industrial society in which manufacturing would grow at much slower rates in the future, with fewer jobs manufacturing things and more emphasis on the pursuit of creative mental work tasks under less hierarchical more egalitarian participatory management structures. Century, 1974 . In contrast, Henry Braverman (1974 envisaged that trends in business practices would result in the deskilling of the workforce. Braverman contended that large corporations sought to maximize profit by minimizing costs, leading them to use systems analysis and other techniques to simplify work tasks, and replace skilled workers with less skilled and less expensive jobholders. As a result, workers would be steadily deskilled and work degraded.
Labor and Monopoly Capital: The Degradation of Work in the Twentieth
Professionals as well as craft workers would be subject to these trends. The beginning of leading edge use of computer control systems underlies the Bell-Braverman perspective on the impact of these and other technologies on workforce issues, and whether such technologies enhance or deskill human capital. This debate remains relevant today. 
Evolution of Computers and
The Nineteen Eighties
Following the oil shocks of the 1970s, the 1980s was marked by growing concern about the competitiveness of U.S. industry. This concern reflected the rise of strong European performers, but especially the full development of Japan as an advanced manufacturing economy. U.S. companies faced stiff competition in domestic and export markets not only in industries such as textiles, steel, or consumer electronics, but increasingly in complex manufactures such as machine tools or automobiles and in the high technology manufacture of semiconductors and other electronic components. The fact that the toughest foreign competition was based not so much on cheap labor but on the adoption of advanced technology and superior manufacturing techniques struck at the heart of notions of U.S. (Karmarkar, 1989) . MRPII was regarded as an extension of materials requirement planning (MRP), in that both addresses the need to divide the manufacturing process into segments and integrate information about these segments into a central database, although MRPII was believed to have superior production initiation, order releasing, and inventory reduction offsetting capabilities. Karmarkar projected that the major barriers to adoption of MRP and MRPII were (1) the initial cost of installing and maintaining the system, including both hardware and software investment and workforce training expenditure, and (2) fixed lead times and lack of responsiveness. He suggested the integration of MRPII and JIT would take advantage of both systems and work flexibly in different environments. These technologies foreshadowed lean production systems, but they were limited in their ability to take into account the needs of other enterprise functions and supply chains. automobiles, chemicals, commercial aircraft, consumer electronics, machine tools, semiconductors, computers and copiers, steel, and textiles. Six problems which deteriorated productivity performance were identified: (1) outdated strategy geared to standardization and mass-production, (2) focus on short-term profits rather than long-term investments, (3) technological weakness in development of new products and technologies, (4) weaknesses in general education and vocational and on-the-job training, (5) failures of cooperation and stakeholder fragmentation, and (6) lack of governmental encouragement and investment. The report provided recommendations to improve manufacturing, workforce training and job security, promote employee empowerment, penetrate more international markets, and gear macroeconomic policies to encourage long-term investments. The report's gloomy outlook for the U.S. manufacturing productivity in the 1990's was somewhat at odds with the recovery of manufacturing and productivity gains in that decade.
The Nineteen Nineties
The 1990s integration of design/manufacturing/marketing, and CIM as a means of producing life cycles, and that this adoption of CAD and CIM would eventually spill over into other industries; this proved more to be the case for CAD than for CIM in the 2000s. Although biotechnology was also believed to be a cutting edge research area for manufacturing, it was perceived as too futuristic for commercial exploitation; even a decade later biotechnology is viewed as taking a length of time to begin to show significant commercial promise.
National Critical Technologies, 1991 Technologies, , 1993 Technologies, , 1995 Technologies, , 1998 . The 1990 Defense Appropriations Act established a requirement for creating and maintaining a National Critical Technologies (NCT) report. Critical technologies were defined as advanced, essential for national security, useful for important products and applications, and likely to impact many product applications. The lists were developed through consensus-based approaches involving panels of experts. The 1995 NCT list included 48 specific technologies divided into discrete product manufacturing, continuous materials processing, and micro/nano fabrication and machining . Popper et al (1998) provided an enhanced operationalization of critical technologies based on cross-sectoral ubiquity of ICT and sensor technologies; technologies at the interstices such as separation, overhaul-and-repair, and complex-product system-coordination technology; and technologies for society (Popper et al, 1998 it did not devote enough attention to the ICT revolution.
Next Generation Manufacturing, NSF 1995. NSF was the lead sponsor of the Next
Generation Manufacturing (NGM) project, which used more than 5000 experts to put forth a vision of the future of manufacturing (NSF, 1995). Next generation manufacturing was defined as an enterprise that extended from "the supplier's supplier to the customer's 
Information Systems and the Environment, 2001. This report is based on a National
Academy of Engineering-sponsored workshop that explored how information technology could be used in the future to support sustainable manufacturing. Richards et al (2001) project that information technology could be a potential substitute for physical products, depending on continued reductions in the cost of information processing and other factors. It was recommended that sustainability be incorporated into product development stage gate processes and that recyclability be integrated into modular design through methods such as quality function deployment and design for assembly tools. The report forecasts that energy is likely to be more expensive and to shift from primary fuels to electricity, requiring new energy infrastructure to accommodate these trends. The energy challenges faced in the mid2000s and the substitution of on-line music for CDs could be argued to be foreshadowed in this report. 
Modeling and Simulation in Manufacturing and
Discussion
A discussion of these outlooks on manufacturing technology suggests that some provide an early foreshadowing of later developments whereas others are at odds with future events.
These works from the 1950s do provide an early forecast of the role of automation and computing in manufacturing, as well as the importance of the processes underlying this automation, and its impact on workers. However, their predictions about automation, digital computing, and advances in inventory control were influenced by the rise of mass market expansion, mass production assembly lines, and high cost of computing. Hence they were unable to account for advances in computing capability and power that took place in future decades that enabled the handling of shorter production runs, even though the scale versus flexibility debate still remains at issue in the 2000s. These early works also presaged ongoing fears about automation, workerless factories, and the issue of a shortage of engineers, which also continues to be current.
Manufacturing forecasts of the 1960s kept automation at the center of leading edge technologies. Scale versus flexibility considerations are evidenced in sixties-era predictions about automation being limited to large continuous process industries, rather than the customization and niche product support systems that drive current leading edge technologies and techniques. As well, computing was associated with higher costs; Moore's Law improvements and lower long-term cost reductions were not foreseen. In addition, Vernon's vision identified the ability to divide lower value routine manufacturing and higher value R&D functions and locate them in different regions. However, more than 40 years later we are seeing a recoupling of these activities as R&D is increasingly outsourced to lower cost, highly competent Asian enterprises.
Predictions of the number of computers in the 1970s likely seemed high at the time but have since proved to be more than an order of magnitude off 30 years later. However, management predictions were closer to current practice. Pavitt and Tavel Concerns about manufacturing's vitality in a declining economy with more intense low-cost competition in mature e-commerce experience re-emerged in the 2000s. Leading edge information technologies for modeling and simulation, knowledge manager, and supply chain system management were advanced and predictions about the ability of information technology to substitute for physical goods and the role of nanotechnologies proposed. The promise of nanotechnology was accentuated. The importance of innovation and creativity are suggested in growing references to product-based technologies as opposed to lean manufacturing processes. It remains to be seen whether these directions will be upheld or whether they are simply a reflection of the domestic and global economic climate.
Conclusions
Over the last fifty years, there has been significant change and evolution in the U.S. In contrast with the relatively upbeat tone of technological and business practice estimates, global competition has been a consistent concern since the rise of globalization and multinationals in the 1970s. It was in the 1970s that fears about routine competition from low-wage, less developed countries increasingly surfaced. In the 1980s, concerns expanded to focus on high-end competitor countries, Japan and Germany and, in the 1990s, fast developing yet technologically capable "tigers" such as Korea and Taiwan. Yet, also in the 1990s and continuing into the 2000s, U.S manufacturers' global concerns shifted again, this time to focus on China which, today, has a huge reservoir of low-cost labor, but is also increasingly upgrading its technological capabilities.
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